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Abstract
The overlap of transmission ranges among multiple Wireless Body Area Networks (WBANs) is referred to as coexistence. The
interference is most likely to affect the communication links and degrade the performance when sensors of different WBANs simul-
taneously transmit using the same channel. In this paper, we propose a distributed approach that adapts to the size of the network,
i.e., the number of coexisting WBANs, and to the density of sensors forming each individual WBAN in order to minimize the impact
of co-channel interference through dynamic channel hopping based on Latin rectangles. Furthermore, the proposed approach opts
to reduce the overhead resulting from channel hopping, and lowers the transmission delay, and saves the power resource at both
sensor- and WBAN-levels. Specifically, we propose two schemes for channel allocation and medium access scheduling to diminish
the probability of inter-WBAN interference. The first scheme, namely, Distributed Interference Avoidance using Latin rectangles
(DAIL), assigns channel and time-slot combination that reduces the probability of medium access collision. DAIL suits crowded
areas, e.g., high density of coexisting WBANs, and involves overhead due to frequent channel hopping at the WBAN coordinator and
sensors. The second scheme, namely, CHIM, takes advantage of the relatively lower density of collocated WBANs to save power
by hopping among channels only when interference is detected at the level of the individual nodes. We present an analytical model
that derives the collision probability and network throughput. The performance of DAIL and CHIM is further validated through
simulations.
Keywords: WBAN, Interference, Channel Hopping, TDMA, Latin Square
1. Introduction
1.1. WBANs Overview
The recent technological advances in wireless communica-
tion, microelectronics have enabled the development of low-
power, intelligent, miniaturized sensor nodes to be implanted
in or attached to the human bodies. Inter-networking these ex-
citing and evolving devices is referred to as a WBAN and is
revolutionizing remote health monitoring and telemedicine in
general. In essence, a WBAN is a wireless short-range commu-
nication network consisting of a single coordinator and a finite
number of low-power wireless sensor devices. These sensors
enable continual monitoring of the physiological state of the
body in stationary or mobility scenarios. A WBAN also includes
a coordinator that collects the measurements of the individual
sensors and shares them with a remote monitoring station (com-
mand canter) [1].
WBANs can serve in various applications such as ubiquitous
health care, telemedicine, entertainment, sports and military
[2]. Basically, the WBAN sensors may observe the heart (elec-
trocardiography) and the brain electrical (electroencephalo-
graphs) activities as well as vital signs and parameters like
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TABLE III
COMPARISON OF ONE-HOP STAR NETWORK AND MULTI-HOP NETWORK [40]
Comparison criteria Star Networks Multi-Hop Networks
Energy Consumption
For nodes in close proximity to the PDA, the power used to
transmit to the PDA will be low. The nodes further away, however,
will consistently require more power to be able to transmit
information.
The nodes that are closest to the PDA consume more energy as
they will have to forward not only their own information but also
information from other nodes.
Transmission Delay
The star network presents the least possible delay present in
transmission from any sensor to the PDA, as there is only a single
hop.
Dependent on how the network is configured. In terms of delay,
the nodes closest to the PDA can get their information through
quickly, without any intermediate relay.
Interference Sensors that are farther away from the PDA require transmissionwith higher power, increasing the amount of interference.
Since each node is only transmitting to its neighbor nodes, the
energy of transmission is kept low and hence mitigates the effects
of interference.
Node Failure and Mobility Only the failed node will be affected and the rest of the networkcan perform as needed.
The part of the network that involves the failed node has to be
reconfigured. Overheads are involved.
Fig. 2. Communication Tiers in a Wireless Body Area Network
upon the choice of the one-hop or the two-hop topology. When
all nodes in the network are directly connected to the sink,
the network is considered to have a one-hop star topology.
In a WBAN, the coordinator is known as the sink node to
which all nodes talk. However, in a multi-hop architecture
nodes are connected to access points via other nodes. Table
III provides a comparison between a multi-hop network and
a one-hop star topology [40]. This table shows that multi-
hop transmission has a higher delay and lower transmission
power compared to the one-hop star topology. The multi-
hop configuration involves overheads along with its network
operation; as increasing the number of hops could lead to a
high complexity. More specifically, using relays in WBANs
assists in reducing the concentration of the transmission power
from the source to its destination. Thus, the further apart the
source and destination are in distance, the higher transmission
power is required. Through the use of relays, the transmission
heat will be distributed and a convenient heat will be obtained
for the surrounding area of the transmitting sensor. As per
the latest version of the IEEE standard proposed for WBANs
in February 2012 [3], only two hops are supported in IEEE
WBAN standards compliant communication. Proprietary sys-
tems could use more than two hops, but then inter-operability
would be a problem, as they would not be standard-compliant.
D. Communication Architecture of WBANs
The communication architecture of WBANs can be sepa-
rated into three different tiers as follows:
• Tier-1: Intra-WBAN communication
• Tier-2: Inter-WBAN communication
• Tier-3: Beyond-WBAN communication
Fig. 2 illustrates these communication tiers in an efficient,
component-based system for WBANs. In Fig. 2, the devices
are scattered all over the body in a centralized network
architecture where the exact location of a device is application-
specific [41]. However, as the body may be in motion (e.g.
running, walking) the ideal body location of sensor nodes is
not always the same; hence, WBANs are not regarded as being
static [8].
Tier-1: Intra-WBAN communication – Tier-1 depicts the
network interaction of nodes and their respective transmission
ranges (∼ 2 meters) in and around the human body. Fig.
2 illustrates WBAN communication within a WBAN and
between the WBAN and its multiple tiers. In Tier-1, variable
sensors are used to forward body signals to a Personal Server
(PS), located in Tier-1. The processed physiological data is
then transmitted to an access point in Tier-2.
Tier-2: Inter-WBAN communication – This communication
tier is between the PS and one or more access points (APs).
The APs can be considered as part of the infrastructure, or
even be placed strategically in a dynamic environment to
handle emergency situations. Tier-2 communication aims to
interconnect WBANs with various networks, which can easily
be accessed in daily life as well as cellular networks and the
Internet [5]. The more technologies supported by a WBAN,
the easier for them to be integrated within applications.
The paradigms of inter-WBAN communication are divided
into two subcategories as follows:
Infrastructure based architecture – The architecture shown
in Fig. 3 is used in most WBAN applications as it facilitates
dynamic deployment in a limited space such as a hospital
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
Coordinator
Figure 1: Communication architectur f WBANs
blood sugar, blood pressure, body temperature, oxygen satu-
ration, CO2 concentratio , etc. The c llected data ca then be
forwarded to a hospital for medical assessment.
WBANs are becomi g increa ingly pervasive; their coexi -
tence will become a serious issue in the upcoming years. Eleven
million sensors were estimated to be used in 2009 and are pre-
dicted to reach 485 million by 2018 [1]. The communication
architecture of involving WBANs composes of hree tiers a il-
lustrated in Figure 1.
• Tier-1: Intra-WBAN communication – This tier reflects
the interaction of the WBAN nodes (sensors and coordina-
tor). Sensors forward their measurements to the coordina-
tor. The coordinator processes the collected physiological
data and then transmits to an access point in Tier-2
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Fig. 9. Superframe Structure of IEEE 802.15.6 [10]
TABLE VI
LIST OF FREQUENCY BANDS FOR IEEE 802.15.6 [28]
Description Frequency Band
Implant 402 - 405 MHz
On-body 13.5 MHz
On-body 5-50MHz (HBC)
On-body 400 MHz
On-body 600 MHz
On-body 900 MHz
On-body 2.4 GHz
On-body 3.1-10.6 GHz
applied to the simulated or measured channel gain data to
describe fading in WBANs, have been compared [48–52].
The most commonly attempted distribution fit is lognormal,
followed by Nakagami-m then Ricean. Whilst the best-fit for
a particular distribution at any given attempt is most often
Weibull, lognormal and gamma11. Even though Nakagami-
m is most often used as a fit, it has a smaller success rate;
and Ricean has considerably smaller success rate compared
to Nakagami-m. The Rayleigh distribution, however, is a poor
fit for most scenarios and environments where it is used. The
details of this comparison can be further studied in [24].
A. Interference
Since a WBAN is most likely to encounter other WBANs,
inter-WBAN interference is of the utmost importance. The
IEEE 802.15.6 task group requires the system to function
properly within a transmission range of up to 3 meters when up
to 10 WBANs are co-located [3]. The different types of radio
interference that can be encountered in WBANs are shown
in Fig. 10. One type of interference occurs when numerous
people wearing WBAN devices step into each others range,
which makes coordination infeasible (off-body interference).
Collision from external sensors may also lead to this type
of interference [53]. Additionally, the unpredictable nature of
postural body movements leads to networks easily moving into
and out of each others range [42]. This issue becomes even
more crucial in the case of wireless technologies with higher
coverage areas.
Generally interference occurs when no-coordination exists
amongst multiple WBANs that coexist in each other’s vicinity
11considering those distributions tested 10 or more times [24]
Fig. 10. Interference in WBANs
(Inter-WBAN Interference) [54, 55]. However, due to the
nature of a WBAN and its high mobility it is infeasible to
allocate a global coordinator to control coexistence amongst
multiple WBANs [56]. In cases where co-located WBANs
use the same channel (similar frequencies), transmissions can
conflict; as the active periods can overlap. Moreover, with the
increase in the number of WBANs that can coexist in short
proximity of each other, the communication link can suffer
performance degradation. Even in cases where small number
of WBANs are deployed in each other’s vicinity, the received
signal strength of the interfering signal can be quite high,
which affects the performance of a particular WBAN [54].
B. Data Rates and Power Requirements
One of the main constraints in WBANs is their limited
power supply. Fig. 11 shows a comparison between power
requirements and data rates in WBANs compared to other
wireless technologies. Accordingly, WBAN protocols require
higher power efficiency when compared to the other existing
protocols. The sensors in WBANs are capable of transmitting
data in a wide range of data rates from 1 Kbit/s to 10 Mbit/s
[57]. In essence, the data rate of in-body nodes vary from
few Kbps in a pacemaker to quite a few Mbps in a capsular
endoscope. Fig. 11 shows that the current technologies meet
Figure 2: Radio co-cha nel interference between WBANs and other wireless
networks
• Tier-2: Inter BAN communication – T is communica-
tion tier is between the coordinator and one or more ac-
cess points. Tier-2 communication aims to interconnect
WBANs with v rious networks (cellular, etc,)
• Tier-3: Caregiver – This tier r flects medical facility,
nurses, doctor , and family members, and can be viewed
as remote command centers
1.2. Co-Channel Interference amongst WBANs
Due to their social nature, the individual WBANs may move
towards each other in crowded areas such as a hospital’s lobby.
The interference may occur because of the smaller number of
channels, i.e., 16 in ZIGBEE [3],[4] tha the nu ber of coexist-
ing WBANs. Even when few WBANs coexist, such interference
may affect the communication links by decreasing the signal-to-
interference-plus-noise-ratio (SINR) of the received signal and
thus may have an adverse impact on the reliability of WBANs.
The overlap among the transmission ranges of multiple collo-
cated WBAN-based networks may cause medium access colli-
sion. Basically, a link in one WBAN will suffer interference
due to transmissions on the same channel made by a device
mounted on another person in the vicinity. Thus, the inter-
WBAN interference may affect the communication links and
degrade the performance as well as increase the packet loss of
each individual WBAN. In addition, inter-WBAN interference
drains the most valuable resource of WBAN’s sensor, namely,
power, while trying to compete for a better signal-to-noise-ratio
(SNR); it also leads to throughput degradation. Thus, the co-
channel interference becomes one of the most important prob-
lems that happen when multiple independent and uncoordinated
WBANs work concurrently in the close proximity of each other.
Therefore, interference mitigation is of very importance to im-
prove the performance of the whole network [2, 5]. In addi-
tion, the resource constrained nature of WBANs in terms of lim-
ited power supply, sensor’s and antenna’s size, the transmission
range, and the quality of service (QoS) requirements make the
application of advanced antenna and power control mechanisms
that proved their efficiency in interference mitigation in cellu-
lar and wireless sensor networks unsuitable for WBANs. The
protocols proposed for these networks do not consider the strin-
gent properties of WBANs, for instance, power control mecha-
nisms are not suitable for WBANs because they require different
levels of transmission power, whilst, longer lifetime of sensors
batteries is required. The simple design and shape of sensor’s
antenna make signal processing very hard in WBANs because
of the inhomogeneous nature of the human body characterized
by high signal attenuation and distortion. Due to the mobile
nature of WBANs, the WBANs may change their position rela-
tive to each other and the individual sensors in the same WBAN
may change their location relative to each other. Such dynamic
nature and the absence of coordination as well as the synchro-
nization amongst WBANs, make the allocation of a global cen-
tralized entity to manage WBANs coexistence and mitigate the
interference unsuitable for WBANs [2, 6].
Recently, the IEEE 802.15.6 standard [4] has emerged as the
defacto medium access control protocol for WBANs. The stan-
dard requires the system to function properly within the trans-
mission range of up to 3 meters when up to 10 WBANs are
collocated. It also has to support 60 sensors in a 6m3 space
(256 sensors in a 3m3). The standard recommends the use of
time division multiple access schemes (TDMA) as an alterna-
tive solution to avoid co-channel interference within WBANs.
To this end, it also proposes three mechanisms for inter-WBAN
co-channel interference mitigation, namely, beacon shifting, ac-
tive superframe interleaving and channel hopping [6, 7], where
a superframe is defined as a time period consisting of two suc-
cessive frames, an active frame dedicated for sensors transmis-
sions and an inactive period dedicated for coordinators trans-
missions.
• Beacon shifting : a WBAN’s coordinator may transmit its
beacons at different time offsets by including a shifting se-
quence field in its beacons that is not used by neighbor
coordinators.
• Superframe interleaving : a WBAN’s coordinator ex-
changes information with its counterparts in other WBANs
in order to make the active period of its superframe not to
overlap with the active periods of other superframes.
• Channel hopping : a coordinator may change its oper-
ating channel periodically by choosing a particular chan-
nel hopping sequence that should not be used by nearby
WBANs.
However, the first two mechanisms require distributed guard
time computation that makes time synchronization very hard to
achieve across WBANs. Therefore, we exploit the unlicensed
international spectrum available in the ZIGBEE standard and
pursue the approach of spectrum allocation to resolve the prob-
lem of inter-WBAN interference mitigation not only through the
channel but also the channel to time-slot hopping.
1.3. Contribution and Organization
Due to their social and highly mobile nature, WBANs may
coexist in the proximity of each other and due to the absence
of coordination amongst them, the active periods of the corre-
sponding superframes may overlap with each other, hence the
co-channel interference may happen. Particularly, when some
sensors of the interfering WBANs simultaneously access the
same channel, the corresponding transmissions of these sensors
experience medium access collision. In this paper, we address
this problem using Latin squares and propose two schemes for
channel allocation and medium access scheduling to diminish
the probability of inter-WBAN interference. The first scheme,
2
namely, DAIL, assigns channel and time-slot combinations that
reduce the probability of medium access collision. No inter-
WBAN coordination is needed in DAIL. Despite being very ef-
fective, DAIL involves overhead due to frequent channel hop-
ping at the coordinator and the sensors. The second scheme,
namely, CHIM, takes advantage of the relatively lower den-
sity of collocated WBANs and pursues hopping among chan-
nels only when interference is detected in order to save power.
In summary, we contribute the following:
• DAIL, a distributed scheme which enables time-based
channel hopping using Latin rectangles in order to mini-
mize the medium access collision and avoid the co-channel
interference amongst coexisting WBANs.
• CHIM, a distributed scheme that allocates a random chan-
nel to each WBAN, and provisions backup time-slots for
failed transmission. The backup time-slots are scheduled
in a way that is similar to DAIL. CHIM enables only a
sensor that experiences collisions to hop to an alternative
backup channel in its allocated backup time-slot.
• An analytical model that derives bounds on the collision
probability and throughput for sensors transmissions.
The simulation results and the mathematical analysis show that
our approach can significantly reduce the number of medium
access collisions among the individual transmissions of the dif-
ferent coexisting WBANs as well as reduce power consumption.
Moreover, DAIL and CHIM do not require any mutual coordi-
nation among the individual WBANs. The organization of the
paper is as follows. Section 2 sets our work from other ap-
proaches in the literature. Section 3 describes the system model
and provides a brief overview of Latin squares. Sections 4 and
5, receptively, describe DAIL and CHIM in detail. The perfor-
mance of DAIL and CHIM are analyzed in 6 and 7, respectively.
Section 8 presents the simulations results of DAIL and CHIM.
Finally, the paper is concluded in Section 9.
2. Related Works
Co-channel interference avoidance and mitigation have been
subject to extensive research in recent years. In the context of
WBANs, published techniques can be categorized as resource
allocation, power control, some solutions are also based on in-
corporation of multiple medium access arbitration mechanisms
and link adaptation. In the balance of this section, we sum-
marize the major work in each category and compare with our
approach. We also discuss previous work that employed Latin
squares in medium access arbitration.
2.1. Resource Allocation
Countering interference by careful resource management and
medium access scheduling is obviously a viable option. Re-
source allocation, e.g., channels and time, is an effective way
for avoiding radio co-channel interference and medium access
collision. However, the main problem in channel assignment
solutions is the limited number of available channels, espe-
cially, when there is high-density of coexisting WBANs. Some
approaches have pursued this methodology. Movassaghi et al.
[8, 9] proposed an adaptive inter-WBAN interference mitigation
scheme, where sensors transmissions are classified according
to the QoS parameters. In their scheme, each interfering pair
of WBANs generates a table of interfering sensors and deter-
mines an interference region (IR) between them. An orthogo-
nal channel is allocated to each sensor in IR that has the highest
priority according to QoS classification; while sensors that are
not belonging to IR can transmit in the same time period. This
scheme reduces the number of assigned channels and improves
the throughput. In [10], the same authors adapt channel assign-
ment to various mobility scenarios of WBANs using predictive
models of their next location. In addition, their proposed al-
gorithm allocates a transmission time such that the interference
is better avoided to extend the WBAN lifetime and improve the
spatial reuse and throughput. Meanwhile, an adaptive scheme
based on social interaction is presented in [11] to optimize the
transmission time allocation. Such scheme factors in the WBAN
mobility, the density of sensors in a WBAN, the received signal
strength indicator (RSSI), and the heterogeneous traffic load
in order to minimize the power consumption and increase the
throughput.
On the other hand, some approaches tried to avoid interfer-
ence by assigning conflict free channels. Obviously this ap-
proach does not suit dynamic environments where WBANs ac-
cidently becomes in range of each other. Nonetheless, con-
flict free channel assignment can fit scenarios where the set of
WBANs that may coexist can be predicted beforehand. The
popular methodology for channel assignment in this case is
to use graph coloring. Huang et al. [12] proposed a dis-
tributed scheme that maps the channel allocation as a graph
coloring problem. In their scheme, they mapped the time-
slots to different colors and further proposed a coloring algo-
rithm to determine a color assignment for each node. The
coordinators exchange control messages to achieve a conflict-
free coloring. Meantime, Cheng et al. [13] proposed a ran-
dom incomplete coloring scheme (RICC) to realize conflict-
free channel allocation without involving heavy computation.
Although RICC allows for higher spatial reuse of channel al-
location, it is still far from the optimal as it only considers the
scheduling at the WBAN level but not at the node-level, and
hence the spatial reuse is not optimally utilized. Similarly, Seo
et al. [14] presented a coloring-based scheduling method to
avoid the inter-WBAN interference by allocating different time-
slots to adjacent WBANs and by allocating more time-slots
to traffic-intensive WBANs to increase the total throughput.
Overall, channel and time resource allocation protocols may
work efficiently in dynamic environment and under high in-
terference conditions, i.e., highly mobile and densely deployed
WBANs. These protocols may support an acceptable level of
QoS requirements. Graph-based resource allocation protocols
are unsuitable for topology with high-frequent changes, e.g.,
WBANs, because of the incurred cost due to update and mes-
sage exchanges; therefore these protocols may be not only in-
efficient but also detrimental for health care applications in dy-
namic environment. Moreover, they do not even support an
acceptable level of QoS requirements to sensors.
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2.2. Power Control
One of the most design issues in WBANs is the scarce en-
ergy resource of their sensors. Thus, saving energy by adjust-
ing transmission power of the radio transceiver is very crucial
to extend the lifetime of the WBAN. In WBANs, the link qual-
ity is affected by different channel conditions such as fading,
path loss and shadowing that change frequently due to the body
movements. Therefore, the transmission power can be adap-
tively controlled based on its link state in order to improve the
relaibility while minimizing the energy consumption. Kim et
al. [15] presented a link state estimation transmit power control
protocol (TPC) to improve the energy efficiency and the link
reliability in WBANs. Their protocol adapts the transmit power
according to short-term and long-term link-state estimations of
RSSI under different mobility scenarios of the patient. Mean-
time, Chen et al. [16] proposed a power allocation algorithm
based on genetic algorithms to mitigate inter-WBAN interfer-
ence and increase the power savings while ensuring QoS guar-
antees. Yet, their algorithm did not consider the mobility which
leads to a long convergence time. In HOSS [17], low interfer-
ing sensors transmit on the same channel; while high interfering
sensors transmit using orthogonal channels, at the same time,
the remaining sensors are associated with an energy harvesting
model to gather the wireless broadcast energy from other sen-
sors transmissions. HOSS captures the interference signal to be
used as a source of energy and mitigating the interference at the
same time. Consequently, the higher the number of coexisting
WBANs implies the higher the amount of harvested energy and
the higher the network lifetime.
Zou et al. [18] proposed a Bayesian non-cooperative game
based power control approach to mitigate inter-WBAN interfer-
ence. They modeled WBANs as players and active links as types
of players in the Bayesian model to maximize the through-
put and energy efficiency of WBANs. Meanwhile, Dong et
al. [19] proposed a non-cooperative social-based game theo-
retic transmit power control scheme to maximize the through-
put amongst coexisting WBANs so that the average transmis-
sion power is minimized. Meantime, Moovasi et al. [20]
proposed a non-cooperative game-theoretic approach to inves-
tigate the problem of joint relay selection and power control
in WBANs. To better mitigate the interference and ensure en-
ergy efficient communication, each sensor seeks a strategy to
select the appropriate transmission power level and the best re-
lay in order to ensure short delay and jitter in a distributed man-
ner. Overall, the published protocols have shown that power
control is robust to different body mobility scenarios and suit
highly populated environment with WBANs. Although link-
state based protocols do not require negotiation and message
exchange among WBANs, they significantly consume energy
and provide poor QoS support. These protocols are not recom-
mended for dynamic environments because the link state varies
very frequently due to body movements. On the other hand,
game-based power control protocols do not support the mobil-
ity of WBANs. Nonetheless, these protocols support dynamic
channel conditions, e.g., varying channel gain, and do not re-
quire message exchange, which reduces the energy consump-
tion across coexisting WBANs. However, game-based proto-
cols do not support QoS and are characterized by long delays.
2.3. Link Adaptation
Interference, in essence, affects the individual wireless links.
Therefore, one way to mitigate the effect of interference is to
adjust the link parameters. Link adaptation protocols opt to dy-
namically match the modulation and coding parameters, e.g.,
data rate, modulation scheme, etc., of the transmitted signal to
the channel conditions, namely, the pathloss, SINR, RSSI, etc.
These protocols invariably require some channel state informa-
tion at the transmitter. For example, the link data rate could
change based on the SINR of the channel. Yang et al., [21] pro-
posed several schemes such as adaptive modulation, adaptive
data rates, and duty cycles. The coordinator of a WBAN selects
the appropriate scheme for use by the sensors based on the level
of experienced interference. Whilst, Moungla et al. [22] pur-
sued a tree-based topology design for a single mobile WBAN
to ensure reliable data delivery. WBAN sensors share a small
number of channels, whereas, the relay nodes share the most
number of channels to improve the data flow across the WBAN.
To mitigate the interference among relays, adaptive data rate
and duty cycle are used to improve the data rate and ensure an
energy efficient and reliable communication within a WBAN.
A relay is defined as an intermediate node connecting a sen-
sor to a coordinator. As stated in the ZIGBEE standard [3],[4],
the two-hop communication is a very promising solution as
it exploits the spatial diversity to improve WBAN energy effi-
ciency and reliability as well as to enable better WBAN’s in-
terference mitigation. Dong et al. [23] proposed a two-hop
cooperative scheme where a TPC mechanism is integrated into
sensor and relay nodes to prolong their batteries lifetimes and
mitigate the interference by increasing the SINR of data pack-
ets received at the WBAN coordinator. Moreover, in [24] the
same authors implemented a two-hop communication scheme
(LRCS) for a WBAN. LRCS considered two relay nodes and
provides a 3-link diversity gain to the coordinator, wherein se-
lection combining, the coordinator selects the best of the three
links according to best link channel gain. Overall, link adap-
tation protocols do not suite highly mobile and densely de-
ployed WBANs because of the fast-changing channel condi-
tions. However, these protocols may introduce some additional
energy cost to the relaying nodes and latency to the packet de-
livery that may be unacceptable in time-sensitive health-care
applications.
2.4. Use of Multiple Access Protocols
With contention-based MAC, sensors within a WBAN can
decide their medium access pattern without the need for any
time synchronization. However, the individual performance of
these sensors may be degraded because of the high overhead in-
curred due to addressing the medium access collisions when the
density of WBANs is high; such overhead is mainly due to time
and energy consumption during backoffs. On the other hand,
contention-free protocols use time synchronization to achieve
collision-free transmissions and high throughput. However,
one of the major limitations of contention-free approach is the
need for time synchronization which is very costly to achieve in
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WBANs. Another limitation is the time-slot allocation, which
becomes challenging particularly when the different coexisting
WBANs employ non-similar duty cycles, i.e., the number of
active sensors in a period of time is not consistent among these
WBANs. Contention-free MAC is reliable and energy-efficient
[11] in relatively low-density WBANs, though extra energy is
consumed for their periodic synchronization and control mes-
sages.
Chen et al., [26] proposed a two-layer MAC protocol to deal
with the interference of WBANs (2L-MAC). The WBAN’s coor-
dinator schedules transmissions within its WBAN using TDMA,
and a carrier sense mechanism to deal with inter-WBAN inter-
ference. 2L-MAC reduces packet collisions, transmission de-
lay and energy consumption in sensors. Meantime, Deylami et
al. [25] proposed a dynamic coexistence management mecha-
nism as an extension to the IEEE 802.15.4 standard [4] which
makes the IEEE 802.15.4-based WBANs able to detect and mit-
igate the interference. Meanwhile, in the approach of Huang et
al. [27], the coordinator employs carrier sense multiple access
with collision avoidance (CSMA/CA) to adaptively adjust super-
frame length according to the level of interference, and beacons
to control the medium access within its WBAN. Similarly, Zhou
et al. [28] proposed an opportunistic scheduling scheme (OS-
MAC) by applying heuristic scheduling to improve the WBAN
performance. OS-MAC dynamically adjusts the superframe
length according to the channel status. On the other hand, Liu
et al. [29] proposed a TDMA-based MAC protocol (CA-MAC)
to maintain an accepted level of QoS while at the same time en-
suring energy-efficient communication. CA-MAC dynamically
adjusts the transmission order and transmission duration of the
sensor nodes according to dynamic channel conditions and traf-
fic characteristics of WBANs under different mobility scenarios.
Grassi et al. [30] employed a mechanism that reschedules
beacons to avoid active period overlapping and hence reduc-
ing the interferences amongst WBANs. The rescheduling may
cause significant transmission delay if there is a large number of
WBANs. Meantime, Deylami et al. [31] proposed a distributed
approach that collaboratively arranges the active durations of
the superframes of the coexisting WBANs so that interference is
minimized and the channel usage is maximized. Similarly, Kim
et al. [32] proposed a distributed asynchronous inter-WBAN in-
terference avoidance scheme (AIIA) that includes the timing
offset and dynamically adjust the location of the TDMA pe-
riod to prevent inter-WBAN interference by overlapping TDMA
transmissions between nearby WBANs. AIIA adapts to the level
of interference in the mobile WBAN environment and improves
the coordination time without incurring significant complexity
overhead. Such time sharing based solutions in which WBANs
interleave their active periods through negotiation or contention
are ineffective when the load in WBANs is heavy and duty cycle
of WBAN is high. Both contention-free and contention-based
approaches are suitable for relatively low-density of WBANs
with low-occupancy channels and few sensors [33, 34, 35].
However, these approaches are unsuitable for highly mobile
WBANs with high-density of sensors and with heavy traffic
load.
2.5. Medium Sharing using Latin Square
Ju et al. [36] proposed a noteworthy approach although it
is not geared for WBAN. Basically, they presented a multi-
channel topology transparent algorithm that leverages the prop-
erties of Latin squares for scheduling the transmissions in a
multi-hop packet radio network. Wireless nodes are consid-
ered to be equipped with one transmitter and multiple receivers.
It is worth noting that in [37] Latin squares are used in cel-
lular networks for the sub-carrier allocations to users, where
a user could be allocated multiple virtual channels. Each vir-
tual channel hops over different sub-carriers at different orthog-
onal frequency division multiplexing (OFDM) symbol times.
Basically, users are allocated multiple sub-carrier-to-OFDM-
symbol-time combinations to avoid inter-cell interference. In
DAIL, sensors are simply allocated a single channel to time-
slot combination and this simplifies inter- WBAN coordination
and time synchronization. In [38], multiple topology-dependent
transmission scheduling algorithms have been proposed to min-
imize the TDMA frame length in multi-hop packet radio net-
works using Galois field theory and Latin squares. For a single-
channel network, the modified Galois field design and the Latin
square design for topology-transparent broadcast scheduling is
proposed. Modified Galois field design obtains much smaller
frame length than the existing scheme while the Latin square
design can even achieve possible performance gain when com-
pared with the modified Galois field design. In one-hop rather
than multi-hop communication scheme, like DAIL, using Latin
squares yields better schedules the medium access and conse-
quently significantly diminishes the inter-WBAN interference.
Like [36], DAIL and CHIM exploit the properties of Latin rect-
angles to generate a predictable interference-free transmission
schedule for all sensors within a WBAN. However, DAIL and
CHIM depend on the existence of only one rather than multiple
receivers within each node and one-hop rather than multi-hop
communication. Unlike DAIL, CHIM minimizes the frequency
of channel switching significantly, i.e., CHIM applies channel
switching only when a sensor experiences interference.
Compared to the related work covered in this section, our
approach can be viewed as combing two solution strategies,
multi-channel and time-slot adjustment. In this paper, we em-
ploy Latin rectangles for interference mitigation amongst mul-
tiple coexisting WBANs. To mitigate interference, our approach
opts to exploit the availability of multiple channels in the ZIG-
BEE standard and employs Latin rectangles as the underlying
scheme for channel and time-slot allocation to sensors while en-
abling autonomous scheduling of the medium access. By lever-
aging the properties of Latin rectangles, our approach reduces
the probability of medium access collision and provides better
usage of the limited resources of WBANs. Since the potential
for medium access collision grows with the increase in the com-
munication range and the density of sensors in the individual
WBANs, we propose two schemes. The first scheme, namely,
DAIL suits crowded areas where a high density of WBANs co-
exists. On the other hand, the second scheme, CHIM, takes
advantage of the relatively lower density of coexisting WBANs
to save the power resource at both sensor- and WBAN-levels.
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Table 1: Symbol description
WBANk kth WBANs
Crdq coordinator of qth WBANs
S i,k ith sensor of kth WBANs
Ck a default channel of kth WBANs
BKC(S i,k) a backup channel picked by ith
sensor of kth WBANs
3. System Model and Preliminaries
3.1. System and Problem Models
We assume N TDMA-based WBANs may coexist in the close
proximity of each other. As an example, when a number of pa-
tients move around in a hospital’s hall or corridor. Each WBAN
is formed of one coordinator denoted by Crd and up to K wire-
less sensors. Each sensor generates its sensed data according
to a predetermined sampling rate and transmits at a maximum
date rate of 250Kb/s using the unlicensed 2.4 GHz band. In our
approach, we assume that all ZIGBEE standard channels are
available for sensors and the coordinator within each WBAN at
any time. Furthermore, all coordinators have richer power sup-
ply than sensors and are not affected by the frequent channel
hopping.
Due to the WBAN’s unpredictable motion pattern, it is very
hard to achieve inter-WBANs coordination or to have a central
unit to mitigate the potential interference when some of them
are in close proximity of each other. Basically, the co-channel
interference happens when multiple WBANs concurrently ac-
cess the same channel and their corresponding radio transmis-
sion ranges overlap. In essence, the medium access collision
may arise due to the collisions amongst the concurrent trans-
missions of these WBANs. Since data packets may be lost due
to the co-channel interference, and hence acknowledgments are
required to confirm successful reception. Time-outs are used to
detect reception failure at the corresponding receivers. We note
that collisions may take place at the level of data or acknowl-
edgement packets as shown in Figure 3 and explained below.
Table 1 shows symbols descriptions.
3.1.1. Data Packets Collision
Essentially, a sensor’s data packet experiences a collision at
the receiving coordinator when this latter is in the transmission
or radio range of another active sensor or coordinator. When a
sensor denoted by S i,k of WBANk transmits to its correspond-
ing coordinator denoted by Crdk while another sensor S j,q or
coordinator Crdq of another WBANq transmits using the same
channel that S i,k employs, i.e., a collision occurs under the fol-
lowing condition: Crdk is in range of Crdq or S j,q; and Crdq
or S j,q transmits using the same channel used by sensor S i,k. In
essence, such collision may be experienced in both DAIL and
CHIM schemes, when Ck = Cq; i.e., both WBANk and WBANq
happen to pick the same channel for intra-WBAN communica-
tion, in which case S j,q or Crdq could be sending a data or ac-
knowledgement packets, respectively. In addition, another col-
lision scenario may be experienced only in the case of CHIM
scheme when Ck = BKC(S j,q) or Cq = BKC(S i,k); i.e., the
channel has been picked by WBANk is equal to the same channel
that has been allocated to sensor S j,q of WBANq in its backup
time-slot within the IMB frame which will be defined in section
Figure 3: Collision scenarios at sensor- and coordinator-levels
5-A. In IMB frame, each interfering sensor may use a backup
channel within its allocated backup time-slot.
3.1.2. Acknowledgment Packets Collision
In similar way, a coordinator’s acknowledgment packet ex-
periences a collision at the receiving sensor when this latter is
in the transmission or radio range of another active sensor or
coordinator. When S i,k receives from its corresponding Crdk,
while at the same time, another S j,q or Crdq transmits using the
same channel that S i,k uses, i.e., a collision occurs under the fol-
lowing condition: S i,k is in transmission range of Crdq or S j,q;
and Crdq or S j,q transmits using the same channel employed by
S i,k.
3.2. Latin Squares
In our approach, we have employed the special properties of
Latin squares to allocate interference mitigation channels. In
this section, we provide a brief overview of Latin squares.
Definition 1. A Latin square is a K × K matrix, filled with K
distinct symbols, each symbol appearing once in each column
and once in each row.
Definition 2. Two distinct K × K Latin squares E = (ei, j) and
F = ( fi, j), so that ei, j and fi, j ∈ {1, 2, . . .K}, are said to be or-
thogonal, if the K2 ordered pairs (ei, j, fi, j) are all different from
each other. More generally, the set O = {E1, E2, E3, . . . , Er} of
distinct Latin squares E is said to be orthogonal, if every pair
in O is orthogonal.
Definition 3. An orthogonal set of Latin squares of order K is
of size (K-1), i.e., the number of Latin squares in the orthogonal
family is (K-1), is called a complete set [36].
Definition 4. A M × K Latin rectangle is a M × K matrix G,
filled with symbols ai j ∈ {1, 2, . . . ,K}, such that each row and
each column contains only distinct symbols.
Theorem 1. If there is an orthogonal family of r Latin squares
of order K, then r ≤ K − 1 [39]
E and F are orthogonal Latin squares of order 3, because no
two ordered pairs within E ./ F are similar.
E =

1 2 3
2 3 1
3 1 2
 F =

1 2 3
3 1 2
2 3 1
 E ./ F =

1, 1 2, 2 3, 3
2, 3 3, 1 1, 2
3, 2 1, 3 2, 1

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According to Theorem 1, the number of WBANs using or-
thogonal Latin squares is upper bounded by K-1, thus, K should
be large enough so that, each WBAN can pick an orthogonal
Latin square with high probability. According to the orthogo-
nality property, each WBAN will be assigned a unique channel
allocation pattern that does not look like the pattern of other
WBANs to avoid the co-channel interference, i.e., they do not
share the same symbol positions, each in its own Latin rect-
angle and consequently, no other WBAN in the network would
simultaneously share the same pattern with WBANi all the time.
Generally, our approach makes it highly improbable for two
transmissions to collide. Nonetheless, a medium access colli-
sion may still happen when (i) two or more coexisting WBANs
in the proximity of each other randomly pick the same Latin
rectangle, or (ii) when the number of WBANs coexisting in the
proximity of each other is larger than the number of ZIGBEE
standard channels forming the Latin rectangle which is 16 in
our case.
Basically, a particular WBAN randomly picks one Latin
square from the orthogonal set of Latin squares. According
to their properties, Latin squares ensure that a particular WBAN
will not share a channel amongst the coexisting WBANs that use
distinct Latin squares chosen from the same orthogonal set. The
Latin square size will be determined according to the largest be-
tween the number of sensors that forms each WBAN, denoted by
K and the number of channels that determines the number of the
rows in the Latin, denoted by M. In the IEEE 82.15.6 standard
[4], the number of channels is limited to 16, i.e., the maximum
number of rows in the Latin is 16. Therefore, the possible num-
ber of simultaneous transmissions that can be scheduled is no
more than 16. Due to the limited number of possible channels,
DAIL addresses this limitation by employing Latin rectangles
rather than Latin squares. In other words, DAIL does not fix the
number of columns in the Latin square, i.e., the value of K is
not fixed to 16. Hence DAIL supports K > M, i.e., more than 16
transmissions can be scheduled. Unlike DAIL, CHIM optimizes
the time-slot allocation within the superframe and the channel
hopping is decided only when the interference is experienced.
4. Distributed Interference Avoidance using Latin Rectan-
gles Scheme (DAIL)
4.1. Algorithm Description
DAIL operates in a distributed manner and suits crowded area
with a large number of patients, each may carry a single WBAN
and may move towards other patients, e.g., in a hospital’s cor-
ridor. Through using Latin rectangles, DAIL assigns a chan-
nel and time-slot combinations that reduce the probability of
medium access collision. In DAIL, each coordinator randomly
selects one orthogonal Latin rectangle through which it assigns
a unique symbol to each sensor within its WBAN. According to
its assigned symbol, a sensor determines its transmission sched-
ule which is formed of a sequence of channel and time-slot
combinations. That means each sensor determines its hopping
pattern, i.e., which hopping channel to use in which time-slot
within every superframe.
DAIL enables different coexisting sensors to hop among dis-
tinct channels to avoid the collision among their corresponding
transmissions that happen in the same time-slot. Thus, the num-
ber of collisions depends on the number of coexisting WBANs,
i.e., the corresponding interfering sensors and the number of
orthogonal Latin rectangles used by the interfering WBANs.
Therefore, the medium access collision among the transmis-
sions of the different sensors is completely avoided, iff, the
number of orthogonal Latin rectangles is larger than the number
of those sensors competing to transmit in the same time-slot.
Otherwise, DAIL extends the number of columns in the Latin
rectangle which is directly related to the length of the WBAN’s
superframe by adding extra time-slots to lower the probability
of medium access collisions. For example, if the number of co-
existing WBANs is N and the number of Latin rectangles is P,
each of size 16 × K, where K denotes the number of columns in
the Latin and at the same time the number of time-slots in the
superframe. If N >max(16,K), then each WBAN will extend the
number of columns in the Latin, i.e., the number of time-slots in
the superframe from K to K + XT, where XT = N - max(16,K).
Doing so, such sensors will have a higher probability to not pick
the same channel in the same time-slot and hence the number
of collisions is minimized. Algorithm 1 provides a high level
summary of DAIL.
Algorithm 1 Proposed DAIL Scheme
input : N WBANs, K sensors/WBAN, Coordinator Crd, M ZIGBEE channels,
Latin rectangle R, frame length FL
1 BEGIN
2 FL = K // default setting of the frame length
3 if N > K then
4 FL = N // Crd increases the number of time-slots in the superframe
5 endif
6 Each WBAN’s Crd randomly picks a Latin rectangle R of size M × FL
7 END
4.2. DAIL Superframe Structure
Each WBAN’s superframe is delimited by two beacons and
composed of two successive frames: (i) the active frame which
is dedicated for all sensors within a WBAN and, (ii) the inac-
tive frame which is designated for the WBAN’s coordinator as
shown in Figure 5. Through assuming M = 16 channels of the
ZIGBEE are available at each WBAN, it is still needed to de-
termine the number of time-slots forming each row of the Latin
rectangle and consequently the size of each superframe. In fact,
the superframe size depends on how big the time-slot which is
based on the protocol in use and on the number of time-slots
required which is determined by the different sampling rates of
the sensors. Generally, the superframe size is determined based
on the highest sampling rate and the sum of the number of sam-
ples for all sensors in a time period. DAIL requires the same
superframe size for all WBANs so that medium access collision
could be better avoided by picking the right value for K, where
K is the number of time-slots to be made in the superframe,
respectively, in the Latin rectangle.
4.3. Illustrative Example
We illustrate our approach through a scenario of 3 coexist-
ing WBANs, where each circumference represents the interfer-
ence range as shown in Figure 3. Furthermore, each WBAN
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Figure 4: A 4 × 4 channel to time-slot assignment Latin square
is assigned M = 4 channels and consists of L = 4 sensors,
in turn, each sensor is assigned a symbol from the set K =
{1,2,3,4} ⇐⇒ {G,B,R,W}. Here, we assume that each sensor
requires only one time-slot to transmit its data in each super-
frame. Based on this scenario, any pair of sensors are interfer-
ing with each other, i.e., they transmit using the same channel
at the same time if both sensors are in the intersection of their
corresponding interference ranges.
However, as shown in Figure 3, 4th sensor of WBAN1 de-
noted by S 1,4 and S 2,4 are interfering, also, S 3,1 and S 2,3. There-
fore, in DAIL, each WBAN picks a distinct Latin rectangle from
an orthogonal set as follows: WBAN1 picks E, WBAN2 picks F
and WBAN3 picks J, where E and F are considered as in (3-B).
Assume 3 sensors, u, v and w of WBAN1, WBAN2 and WBAN3
are, respectively, assigned symbols B, R and G in Latin rect-
angles E, F and J. Thus, the distinct positions of symbol B in
E corresponds to the transmission pattern of u in WBAN1’s su-
perframe, similarly for v and w in WBAN2 and WBAN3, respec-
tively. However, B=2 in E, R=3 in F and G=1 in J, therefore,
the transmission patterns for u, v and w are, respectively, rep-
resented by B, R, and G of the matrix shown in Figure 4. As
clearly seen in this figure that u, v and w neither share the same
channel nor the same time-slot, i.e., no collision occurs at all.
DAIL is completely distributed channel allocation and medium
access scheduling scheme that suits high density of WBANs and
does not require coordination among coordinators. DAIL as-
signs WBAN sensors channel and time-slot combinations to di-
minish the probability of inter-WBAN interference, i.e., reduces
the probability of medium access collision. Nonetheless, DAIL
drains the power resource of the whole WBANs when some of
their corresponding sensors do not face any collision. For ex-
ample, as an estimate of power cost of a WBAN consisting of
up to L sensors, L < K, is L × HE, where HE is the power
consumption resulting from a channel hopping in each super-
frame. Therefore, the mean power cost per sensor is denoted
meanEC = L×HEK .
More specifically, DAIL imposes on each WBAN’s sensor to
hop among the available channels whether that sensor experi-
ences collision or not. Although the interference-free sensors
do not need to hop among the channels, and hence the power
is wasted at both the sensor- and the WBAN- levels. Another
shortcoming in DAIL is that no more than 16 transmissions can
be scheduled and thus, this limits the number of transmitting
sensors, i.e., if more than 16 WBANs coexist, and then the col-
lisions may arise. To overcome such issues in DAIL, we propose
a distributed scheme, namely, CHIM, to reduce the number of
medium access collisions and overhead at the coordinator- and
sensor-levels as well as to save power of the relatively low den-
Figure 5: Proposed superframe structure for DAIL
Figure 6: Proposed superframe structure for CHIM
sity of coexisting WBANs.
5. Channel Hopping for Interference Mitigation Scheme
(CHIM)
Like DAIL, CHIM leverages the special properties of Latin
squares to enable predictable channel hopping in order to avoid
the co-channel interference amongst coexisting WBANs. How-
ever, CHIM takes advantage of the relatively lower density of
interfering WBANs to save the power resource at both sensors-
and WBAN-levels. Basically, CHIM enables only sensors that
experience collisions to hop among backup channels, each in its
allocated backup time-slot. CHIM imposes less overhead at the
sensor- and coordinator-levels because of only sensors that ex-
perience collisions are required to use their pre-computed trans-
mission schedules (i.e., a combination of a backup channel and
a time-slot). As pointed out, the co-channel interference hap-
pens if the concurrent transmissions of sensor nodes and co-
ordinator nodes in the different coexisting WBANs collide. To
mitigate the potential co-channel interference, CHIM exploits
the availability of multiple channels in the ZIGBEE standard to
allocate each WBAN a default channel and in the case of in-
terference, it enables the individual interfering sensors to hop
among the remaining channels in a pattern that is predictable
within each WBAN and random to the other WBANs. To do
that, CHIM modifies the superframe structure and extends its
size by adding extra interference mitigation backup time-slots
and employs the properties of the Latin rectangles for channel
allocation to the sensors within each individual WBAN.
5.1. CHIM Superframe Structure
Like DAIL, in CHIM, each WBAN’s superframe is composed
of successive active and inactive frames as shown in Figure
6, however the active frame is further divided into two parts,
the TDMA data-collection part and the interference mitigation
backup (IMB) interference mitigation part where each part con-
sists of K time-slots. Figure 6 shows CHIM superframe struc-
ture. In the TDMA data-collection part, each sensor transmits
the sensed data packet to the coordinator in its assigned time-
slot using the default channel. However, in the IMB part, each
interfering sensor retransmits the same data packet to the coor-
dinator in its allocated backup time-slot using the priori-agreed
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upon the channel. In interference-free conditions, the WBAN’s
coordinator remains tuned to the default operation channel. If
communication with a particular sensor S i fails during its des-
ignated time-slot, the coordinator will tune to the S i’s backup
channel during S i’s time-slot in the IMB part of the active frame
of the superframe. However, during the inactive frame, all the
active sensors within each WBAN turn off their radio transceiver
off and sleep, whilst, the corresponding coordinator transmits
all the data collected to a command center.
Yet, it is still required to determine the length of each frame.
Like DAIL, the length of the TDMA part is determined accord-
ing to the largest sampling rate and the sum of the number of
samples for all sensors within a WBAN in a time period. How-
ever, CHIM requires the length of the TDMA part for all WBANs
to be of the same size so that the medium access collision could
be better in the backup part. Thus, CHIM states that 2 × K
time-slots should be made in the active frame, i.e., K time-slots
forms the TDMA part and K time-slots forms the IMB backup
part. Whilst, the inactive frame directly follows the active frame
and whose length depends on the duty cycle scheme used by the
individual sensors within each WBAN.
5.2. Network Setup
At the setup of the network, each coordinator of a WBAN ran-
domly selects a single M×K Latin rectangle from the set of the
orthogonal Latin rectangles and one default channel. Initially,
the coordinator commands all the individual sensors within its
WBAN to utilize the common default channel along the TDMA
data collection part. In addition, each WBAN’s coordinator as-
signs a single symbol to each sensor within its WBAN. The se-
lected symbol from the set {1,2,. . . , K} determines the trans-
mission schedule for each sensor. In other words, the symbol
reflects position hopping in the rectangle relates one interfer-
ence mitigation channel and one backup time-slot. Thereby,
the WBAN’s coordinator forms the sequence of an interference
mitigation channel and one backup time-slot combinations for
each sensor within its WBAN. In addition, each WBAN’s coor-
dinator reports the sequence of combinations or the transmis-
sion schedule corresponding to each sensor within its WBAN
through beacons. Subsequently, each sensor will be informed
about its allocated interference mitigation backup channel and
backup time-slot to be used within the IMB part of the super-
frame.
5.3. Network Operation under CHIM
CHIM relies on the acknowledgment packets and the time-
outs to detect the packet collision that occurs at both the coor-
dinators and sensors. In the superframe’s TDMA active part,
each individual sensor transmits its packet to the coordinator in
its allocated time-slot using the default channel. Immediately
after this transmission, that sensor sets a timer and then waits
for the acknowledgment. If the sensor receives the acknowl-
edgment packet from the WBAN’s coordinator, the transmis-
sion is considered successful, and then the sensor turns its ra-
dio transceiver off and sleeps until the next superframe. There-
fore, all the sensors that succeed in their transmissions will not
switch to new channels and will not occupy backup time-slots
in the IMB part.
However, if the sensor does not receive the acknowledgment
packet before the timer expires, the transmission is considered
unsuccessful due to the collision and subsequently, it should
use its allocated backup channel and time-slot to mitigate the
interference. Basically, the sensor that experiences interference
should wait until the TDMA part completes and then it switches
its current default channel to the allocated interference mitiga-
tion channel at the beginning of its backup time-slot through
which it retransmits the data packet to its corresponding coor-
dinator. In fact, the packet delivery failure results from the data
or acknowledgment packets collisions at both the sensor- or
coordinator-levels, respectively. That means, the desired data
packet is lost at the coordinator due to the interference that the
transmitting sensor experienced from the simultaneous trans-
missions of sensors or coordinators in other coexisting WBANs;
or the acknowledgment packet is lost at the desired sensor due
to the interference that the desired sensor experienced from
the simultaneous transmissions of the sensors or coordinators
in other coexisting WBANs sharing the same channel with the
desired sensor. Therefore, depending on the timeouts and the
acknowledgment packets, the interfering nodes, i.e., sensors
and coordinators, resolve the medium access collision issue in
the same way. Algorithm 2 summarizes the proposed CHIM
scheme.
Algorithm 2 Proposed CHIM Scheme
input : N WBANs, K Sensors/WBAN, Orthogonal Latin rectangle OLR
8 Stage 1: Network Setup
9 for i = 1 to N
10 Crdi randomly picks a single DFCi & OLRi for its WBANi
11 for k = 1 to K
12 Crdi allocates BKCk,i & BKTS k,i to S k,i from OLRi
13 Stage 2: Sensor-level Interference Mitigation
14 for i = 1 to N
15 for k = 1 to K
16 S k,i transmits Pktk,i in TS k,i to Crdi on DFCi in T DMAi
17 if Ackk,i is successfully received by S k,i on DFCi
18 S k,i switches to SLEEP mode until the next superframe
19 else
20 S k,i waits its designated BKTS k,i within IMBi part
21 S k,i retransmits Pktk,i in BKTS k,i to Crdi on BKCk,i
22 Stage 3: Coordinator-level Interference Mitigation
23 for i = 1 to N
24 for k = 1 to K
25 if Crdi successfully received Pktk,i in TS k,i on DFCi
26 Crdi transmits Ackk,i in TS k,i to S k,i on DFCi
27 else
28 Crdi will tune to BKCk,i to receive from S k,i in IMBi
29 Crdi receives Pktk,i in S k,i’s BKTS k,i on BKCk,i
6. DAIL Analysis
We analyze the performance of DAIL mathematically and
consider a multi-channel TDMA-basedWBANs. The super-
frames of each individual WBAN are constructed as from one
M × K matrix. Within the superframe, each sensor may be as-
signed M time-slots to transmit its data packet according to a
unique channel to time-slot assignment pattern. These patterns
9
are generated from the orthogonal family of M × K Latin rect-
angles. However, all the individual sensors of a WBAN share
one common M×K Latin rectangle, where the channel to time-
slot assignment pattern of each sensor corresponds to a single
symbol pattern in the Latin rectangle, as shown in Figure 4.
6.1. Interference Bound
In this subsection, we determine the worst-case collision pat-
tern for the individual sensor.
Definition 5. Let E and F be two orthogonal M ×K Latin rect-
angles. Symbol e from E is assigned to sensor u, and symbol
f from F is assigned to sensor v. Then, there exists a collision
at the jth slot on ith channel for u and v, if the ordering (e,f)
of both rectangles appears at ith row, jth column, which means
[Ei, j] = e and [Fi, j] = f .
Theorem 2. If two sensors are assigned two distinct symbols in
the same Latin rectangle; there will be no collision among their
transmissions. If they are assigned symbols from two distinct
orthogonal Latin rectangles, then, they will face at most one
collision in every superframe.
Proof: From the definition of Latin rectangles, because ev-
ery symbol occurs exactly one time in each row and exactly
one time in each column, any two time-slot assignment patterns
constructed from the same Latin rectangle will not have any
overlap in their patterns and so they will not have any collision
with each other. Based on Definition 2, hence, the ordering
(e,f) for any pair of orthogonal Latin rectangles, where, e and
f ∈ {1,2,. . . , K}, can only appear one time, which means that
these sensors will only have one opportunity of collision.
Theorem 3. In a network of N WBANs, each sensor has a chan-
nel to time-slot transmission pattern corresponding to a symbol
pattern chosen from one of the Kth set of orthogonal Latin rect-
angles. Let us consider a sensor denoted by “S” surrounded
by maximum number of O WBANs, i.e., O sensors from other
WBANs, which means, O sensors may coexist in the communi-
cation range of S. Then, S may experience at most O collisions.
Additionally, sensor S may face a minimal number of collisions
which equal to max(O-K+1,0).
Proof: Based on Theorem 2, each neighboring sensor can
create at most one collision to S. In the worst case, all O sen-
sors are within the range of communication of S. The trans-
missions patterns of O sensors are constructed from Latin rect-
angles that are different from the Latin rectangle utilized by S.
Subsequently, the maximum number of possible collisions expe-
rienced by S is O. Now, to count the minimal number of colli-
sions for S, it is required to find the maximum number of sensors
that construct their transmission patterns from the same Latin
rectangle, which is K, i.e., K sensors will have no collision ac-
cording to Theorem 2. Also, Theorem 2 proves that there ex-
ists at most one collision for each pair of sensors constructing
their transmission patterns from two different orthogonal Latin
rectangles. Therefore, each of the remaining sensors (O-K+1)
will cause one collision to S because they belong to different
orthogonal Latin rectangles. As a result, the minimum number
of collisions for sensor S surrounded by O sensors is equal to
max((O-K+1),0).
6.2. Collision Probability
We consider a sensor S i of WBANi is surrounded by O inter-
fering sensors v j of different coexisting WBAN j in the vicinity,
where j = 1, 2, . . . ,O and i , j. For simplicity, we assume,
each sensor transmits one data packet in each time-slot. How-
ever, sensor S i successfully transmits its data packet in time-slot
t, on channel h to the coordinator, if, none of the O neighbors
transmits its data packet using the same time-slot on the same
channel as sensor S i. We represent the number of sensors that
transmit their packets in the same time-slot as sensor S i as a
random variable denoted by X. When x packets are transmitted
in the same time-slot as S i, then, the probability of event X=x
is denoted by Pr(X=x) and defined by defined by eq. 1 below.
Pr (X = x) = CO+1x × ωx × (1 − ω)O−x
× (min(M,K)/K)x ∀ x ≤ O (1)
Where ω is the use factor, defined as the ratio of the time that
a sensor is in use to the total time that it could be in use. Now,
suppose Y sensors out of X sensors schedule their transmissions
according to the same Latin rectangle as sensor S i, i.e. y out of
x sensors select symbol patterns from the same Latin rectangle
as S i.
Pr (Y = y | X = x) =
(
CK+1y ×CZ−Kx−y
)
/CZ−1x
∀x ≤ O & ∀ y ≤ x
(2)
Where Z = K × m is the total number of symbol patterns in
the orthogonal Latin rectangles family. However, these Y sen-
sors will not impose any collision with S i’s transmission, since
they (Y sensors) use the same Latin rectangle as S i. On the
other hand, X − Y sensors may collide with the transmission
from sensor S i to the coordinator on the same channel, then the
conditional probability of transmission collision is denoted by
(collTx) and defined by eq. 3 below.
Pr(collT x | Y = y & X = x)
= 1 − Pr(succT x | Y = y & X = x)
= 1 − ((min(M,K) − 1)/min(M,K))x−y
(3)
Where min(M,K) represents the number of transmission time-
slots for each sensor in each superframe. Then, the probability
of a successful data packet transmission from sensor S i to the
coordinator is denoted by λ as follows:
λ =
O∑
x=0
x∑
y=0
Pr(Y = y, X = x)×
Pr(succT x | Y = y & X = x) =
O∑
x=0
x∑
y=0
Pr(Y = y | X = x) × Pr(X = x)×
Pr(succT x | Y = y & X = x) =
O∑
x=0
x∑
y=0
(COx C
K−1
y C
Z−K
x−y )/(C
Z−1
x ) × ωx × (1 − ω)O−x×
(min(M,K)/K)x × ((min(M,K) − 1)/min(M,K))x−y
(4)
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6.3. Throughput Analysis
Let the size of the orthogonal family of Kth order Latin
squares is m = K-1 and the transmission pattern of each sensor
is determined by one of the K2 distinct symbol patterns in the
K×K Latin square. When K > M, each K×K Latin square can
be cut into M × K Latin rectangle. To assure that every sensor
has unique transmission pattern according to these Latin rect-
angles, (K×m ≥ N) must be satisfied, where N is the number of
WBANs. Furthermore, it has been proven in Theorem 2 that the
number of collisions (# colls) in each superframe for any two
sensors is either one or zero. Assuming the maximum number
of neighbors to S is still O, then, each sensor will be assigned
min(M,K) transmission time-slots in each superframe denoted
by SF. We denote by TS the number of successful transmissions
for each sensor, TS min and TS max are the lower and the upper
bounds of TS, respectively, when eq. 5 holds, every sensor will
have its throughput in eq. 7 and eq. 8 as follows:
K ≥ TS max ≥ TS ≥ TS min > 0 (5)
TS = min(M,K) − (# colls per S F) (6)
TS max =
K − max(O − K + 1, 0) i f K ≤ MM − max(O − K + 1, 0) i f K > M (7)
TS min =
K − O i f K ≤ MM − O i f K > M (8)
Therefore, to assure that every sensor has a minimal through-
put, K should be greater than O when K ≤ M, or M should
be greater than O when K > M. In order to evaluate the per-
formance of our approach, the best and the lowest throughput,
respectively, denoted by Tmax and Tmin are defined in eq. 9 and
eq. 10.
Definition 6. Tmax (resp. Tmin) is defined as the ratio of the
maximal (resp. minimal) number of successful transmissions
in each SF to its length denoted by FL
Tmax = TS max/FL, FL = K (9)
Tmin = Tmin = TS min/FL), FL = K (10)
Theorem 4. For given O, N and M, the maximal nonzero upper
and lower bounds of throughput T are as follows:
1 ≥ T ≥ 1 − (O/M) , i f K ≤ M (11)
M/max(M, bN/mc) ≥ T ≥
(M − O)/max(M, bN/mc) i f K > M (12)
Proof: When K ≤ M, based on eq. 9, the upper and lower
bounds of T are as follows:
Tmax = TS max/FL = (K − max(O + 1 − K, 0)) /K
= 1 − (max(O − K + 1, 0)/K) (13)
Tmin = TS min/FL = (K − O)/K = 1 − O/K (14)
We can deduce from eq. 13 and eq. 14 that the upper and lower
bounds of T will increase with K. Thus, to ensure the minimal
throughput is a positive number and each sensor has a unique
transmission pattern, then, this inequality; O < K < dN/me
must be satisfied. Also, we can have, max(O + 1 − K, 0) = 0
and dN/me ≤ K ≤ M. Therefore, when K = M, the maximal
upper and lower bounds of the throughput are shown in eq. 15
and eq. 16 below.
Tmax = 1 and Tmin = 1 − O/M (15)
Tmin = 1 − O/M (16)
Similarly, if K > M, the bounds of T are shown in eq. 17 and
eq. 18 below.
Tmax = TS max/FL = (M − max(O + 1 − K, 0)) /K = M/K (17)
Tmin = TS min/FL = (M − O)/K (18)
However, these bounds decrease when K increases. So,
when K > dN/me and K > M are combined, then, K >
max(M, dN/me) is true, and so the maximal upper and lower
bounds of T are as in eq. 19 and eq. 20 below.
Tmax = M/max(M, dN/me) (19)
Tmin = (M − O)/max(M, dN/me) (20)
When K = max(M, dN/me). In Theorem 4, when M ≥ K, i.e.,
the number of available channels exceeds the number of time-
slots allocated to a sensor of a WBAN, however, the minimal
throughput Tmin can be maximized when we select K equals to
the maximal number of available channels, which is limited to
M in our case, and so, M < K. Therefore, the bounds of the
throughput will be impacted by the size of the Latin rectangles
family m.
7. CHIM Analysis
In this section, the effectiveness of CHIM in terms of lower-
ing the probability of medium access collision is analyzed.
7.1. TDMA Collision Probability
We derive the probability for a designated sensor which ex-
periences medium access collision within the TDMA part. We
assume an individual sensor S i of WBANi coexists in the same
area with other P sensors S j, where i , j and S i transmits a sin-
gle packet in one time-slot. S i succeeds in the transmission of
its data packet to the coordinator using the default channel, if,
no sensor of the set P transmits in the same time-slot using the
same channel as S i’s default channel. We represent the number
of sensors that transmit their packets in the same time-slot as
sensor S i as a random variable denoted by X. When x packets
are transmitted in the same time-slot as S i, then, the probabil-
ity of event X=x is denoted by Pr(X=x) and defined by eq. 21
below.
Pr (X = x) = CPxα
x(1 − α)P−x (min(M,K)/K)x , x ≤ P (21)
The probability for sensor S j of WBAN j to exist within the
transmission range of WBANi is denoted by α. If we assume
that Y out of X sensors decide the scheduling of their trans-
missions based on Latin rectangles which are orthogonal to the
Latin rectangle employed by WBANi, that means, y out of x sen-
sors select symbol patterns from other orthogonal Latin rect-
angles that are distinct from the symbol pattern that S i uses.
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Thus, y sensors will not contribute in the collision probability,
and hence the probability of y sensors that will not impose any
medium access collision to S i’s transmission is given by eq. 22.
Pr (Y = y | X = x) =
(
CKy C
Z−K
x−y
)
/CZx , x ≤ P & y ≤ x (22)
Where Z = K × m represents the sum of the number of sym-
bol patterns in the orthogonal family. However, we represent
the number of sensors that use the same channel as S i and col-
lide with S i’s transmission in the same time-slot as a random
variable denoted by X-Y. Thus, the probability that S i’s trans-
mission experiences a medium access collision is denoted by
(collTx) and given by eq. 23 below.
Q = Pr(collT x | Y = y, X = x)
= 1 − Pr(succT x | Y = y, X = x)
= 1 − ((min(M,K) − 1)/min(M,K))x−y
= 1 − (1 − 1/min(M,K))x−y
(23)
We denote all possible transmission time-slots for a sensor S i
within the TDMA part by min(M,K) and Q represents the prob-
ability that S i experiences a medium access collision in a sin-
gle time-slot. Thus, Q may determine the number of sensors
that experience medium access collision within the TDMA part
which is denoted by W. Then, each sensor S i ∈ W will use
its corresponding backup channel and time-slot within the IMB
part. In the next section, we will determine the subset of backup
sensors in W that will experience interference, i.e., medium ac-
cess collision within IMB part.
7.2. IMB Collision Probability
We denote each sensor that occupies at least one time-slot in
the IMB part by backup sensor. In this section, we determine the
probability for a backup sensor S i that experiences medium ac-
cess collision when accessing its backup channel in its backup
time-slot. We denote by Timb the total of the number of sen-
sors that experience medium access collision along the whole
TDMA part and the number of backup sensors that experience
medium access collision along the whole the IMB part. Impor-
tantly, Timb follows the binomial distribution. If we assume that
t backup sensors of a designated WBAN experience medium ac-
cess collision within the IMB part, then, the probability of the
event Timb = t is denoted by Pr(Timb = t) and is given by eq.
24.
Pr(Timb = t) = CKt (Q
2)t(1 − Q2)K−t, t ≤ K (24)
We add Q2 in the equation because of the two stage medium ac-
cess collision, respectively, the first occurs in the TDMA and the
second occurs in the IMB part. Then, Q of eq. 23 is substituted
in eq. 25.
Pr(Timb = t) = CKt (Q
2)t(1 − Q2)K−t, t ≤ K (25)
Pr(Timb = t) = CKt × (Q2)t(1 − Q2)K−t, t ≤ K
= CKt × (1 − 1/min(M,K))(x−y)(K−t)
× (2 − (1 − 1/min(M,K))x−y)K−t
× (1 − (1 − 1/min(M,K)x−y))2t
(26)
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Figure 7: Collision probability versus number (#) of colliding sensors
Our approach ensures that channels used in the TDMA and the
backup IMB parts within the same superframe are always dis-
tinct. However, the superframe structure defined in the ZIGBEE
standard [3],[3] divides the active period into a TDMA part and
contention free period part denoted by CFP where guaranteed
time-slots denoted by GTSs are allocated. According to this
structure, a single sensor that experiences medium access colli-
sion in the TDMA part may query its corresponding coordinator
for additional GTSs to complete its transmission. Unlike our
approach, the same channel is always used in both TDMA and
CFP parts.
Lemma 1. If t sensors collide in the IMB interference miti-
gation part, i.e., Pr(Timb = t), then, the probability of these
sensors collide in the CFP is given by eq. 27.
Pr(Tc f p = t) = Pr(Timb = t) × (min(M,K))t (27)
Proof: If each WBAN has a M×K Latin rectangle and t sensors
may face collision in the IMB interference mitigation part, then,
each sensor may have the chance to pick min(M,K) possible
backup channel to time-slot combinations for its transmission
and hence, for t < K sensors, there are (min(M,K))t possible
combinations. However, in the CFP, there is one and only one
channel used by all sensors, therefore each sensor has the same
channel for its transmission. Thus, in CHIM, the probability
of collisions for t sensors will be reduced by (min(M,K))t and
therefore given in eq. 28.
Pr(Timb = t) =
Pr(Tc f p = t)
(min(M,K))t
(28)
For illustration, see Figure 7.
8. Performance Evaluation
We have proposed two schemes based on Latin rectangles,
namely, DAIL and CHIM, to minimize the impact of inter-
WBAN co-channel interference through dynamic channel hop-
ping. DAIL assigns channel and time-slot combinations to re-
duce the probability of medium access collision among sensors
in different WBANs. Yet, DAIL involves time and power over-
head due to the frequent channel hopping. Meanwhile, CHIM
takes advantage of the relatively lower density of collocated
WBANs to save power by hopping among channels only when
interference is detected at the level of the individual sensors.
This section compares the performance of DAIL and CHIM to
that of competing approaches in the literature. In addition, an-
alytical results that derive the collision probability and network
throughput are validated by simulations.
12
We have performed simulation experiments through Matlab,
where the number of WBANs is varied. We model a commu-
nication failure when a sensor of one WBAN happens to pick
the same channel in the same time-slot as a sensor of another
WBAN, and the two sensors are in the communication range
of one another (i.e., the SNR is greater than a threshold). The
locations of the individual WBANs change to mimic random
mobility and consequently, the interference pattern varies. The
following performance metrics are considered:
• Collision probability (McP) reflects how often two trans-
missions of two distinct sensors of different WBANs col-
lide.
• Communication failure probability (CFP) is the fre-
quency that two distinct sensors of different WBANs when
both sensors are assigned the same channel in the same
time.
• Mean WBAN power consumption (mPC) is defined as
the sum of the individual power consumed by the indi-
vidual nodes due to the data packet collisions within a
WBAN’s superframe divided by the number of sensors in
each WBAN.
• Mean successful data packets received (MsPR) is the to-
tal number of packets that are successfully received at the
coordinator from all sensors within its WBAN in one su-
perframe divided by the sensor count in that WBAN. This
metric is specific for DAIL.
• Mean of deferred data packets (DPS) this metric is ap-
plied for CHIM only since it provisions backup time-slots
and reports the average number of transmissions that are
made in backup time-slots per superframe.
8.1. Simulation Results - DAIL
We have conducted multiple simulation experiments to eval-
uate the performance of DAIL and compared it with that of the
smart spectrum allocation scheme, denoted by SMS [8]. SMS
assigns orthogonal channels to interfering sensors belonging to
each pair of coexisting WBANs. The simulation parameters are
provided in Table 2.
8.1.1. DAIL Collision Probability
The first experiment is geared for comparing the mean colli-
sion probability (McP) versus the number of coexisting WBANs
(Ω) for DAIL and that for SMS. The results, shown in Figure 8
confirm the advantage of DAIL by achieving a much lower McP
because of the combined channel and time-slot hopping. It is
observed that McP of DAIL is very low when Ω ≤ 12 due to
the relatively large number of channel and time-slot combina-
tions. When 12 < Ω ≤ 25, McP significantly grows because of
the increase in the number of sensors that makes the simultane-
ous assignment of the same channel for more sensors is highly
probable. Note that the superframe consists of up to 12 time-
slots. However, when Ω exceeds 25, McP grows very slightly
and stabilizes at 21× 10−2 eventually as the number of medium
access collisions reaches its maximum bound by each WBAN
Table 2: Simulation parameters - DAIL
Exp. 1 Exp. 2 Exp. 3 Exp. 4
Sensor TxPower(dBm) -10 -10 -10 -10
# Coordinators/WBAN 1 1 1 1
# Sensors/WBAN 12 12 12 12
# WBANs/Network Var 30 Var Var
# Time-slots/Superframe 12 12 12 12
Latin Rectangle Size 16 × 12 16 × Var 16 × 12 16 × 12
due to the limited size of the Latin rectangle in terms of chan-
nels and time-slot combinations. In other words, all M channels
in the Latin rectangle are assigned sensors and hence, many
in other WBANs are competing for these channels in the same
time. Thus, the number of competing sensors for all channels is
significantly larger than the number of available channels and
so the collision reaches its maximum level. Meanwhile, in SMS,
McP significantly increases when 0 < Ω ≤ 18, i.e., the number
of available orthogonal channels is smaller than the number of
interfering sensors. Then, McP slightly increases until it sta-
bilizes at 5 × 10−1 when 18 < Ω ≤ 35 since the interference
attains its maximum and all channels are already assigned, i.e.,
the number of collisions attained by each WBAN is larger than
the available channels. McP significantly grows for as long as
the number of channels is smaller than Ω. However, when Ω
exceeds 16, McP tends to stabilize at 5 × 10−1. Our second
experiment studies the effect of the number of time-slots per a
superframe denoted by TL on McP for a network consisting of
up to 30 coexisting WBANs. As can be clearly seen in Figure 9,
DAIL always achieves lower collision probability than SMS for
all TL values. In DAIL, McP significantly decreases as TL in-
creases from 10 to 28, where increasing TL is similar to enlarg-
ing the size of the Latin rectangle. Therefore, a larger number
of channel and time-slot combinations allows distinct sensors
to not pick the same channel in the same time-slot, which de-
creases the chances of collisions among them. However, SMS
depends only on the 16 available channels to mitigate interfer-
ence, and the channel assigned to a sensor stays the same at
all time. Thus, a high McP is expected due to the larger num-
ber of interfering sensors than the number of available chan-
nels. Moreover, a sensor has 16 choices in SMS, while it has
16 × f ramesize different choices in DAIL to mitigate the inter-
ference, which explains the large difference in McP amongst
the two schemes.
8.1.2. DAIL Power Consumption
In third experiment, we compare the mean power consump-
tion denoted by mPC of each WBAN versus the number of co-
existing WBANs (Ω) for DAIL and SMS. The results plotted in
Figure 10 show that mPC for DAIL is always lower than that of
SMS for all Ω values. DAIL exposes such performance because
of the reduction in the number of medium access collisions
which lead to a fewer number of retransmissions and hence high
energy savings. For DAIL, it is shown in the figure that mPC
slightly grows when Ω ≤ 10 because the number of channel
and time-slot combination is larger than the number of the in-
terfering sensors, which reduces the number of medium access
collisions amongst the coexisting sensors. mPC significantly
increases when 10 < Ω ≤ 30 because of the larger number of
sensors simultaneously compete to the same channel which re-
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Table 3: Simulation parameters - CHIM
SensorTxPower(dBm) -10
Sensors/WBAN 20
WBANs/Network Variable
Time-slots/TDMA CHIM part 20
Time-slots/IMB CHIM part 20
Time-slots/TDMA ZIGBEE part 20
Time-slots/CFP ZIGBEE part 20
Latin Rectangle Size 16 × 20
sults in a larger number of medium access collisions and hence
the power consumption is increased accordingly. When Ω ex-
ceeds 30, the power consumption increases slightly to stabilize
at 16.5 × 10−3mW because of the medium contention reaches
its maximum level and no additional power is introduced due
to the maximal number of medium access collisions reached by
each WBAN. Meanwhile, in SMS, mPC is consistently high for
large networks due to the medium access collisions resulting
from the large number of sensors that compete for the available
channels (16 channels).
8.1.3. DAIL WBAN Throughput
The fourth experiment studies the mean successful data pack-
ets received at each WBAN, denoted by MsPR, versus Ω for
DAIL and SMS. Figure 11 shows that DAIL always achieves
higher MsPR than SMS for all values of Ω. Such perfor-
mance improvement is mainly because of the reduced num-
ber of medium access collisions, which boosts the number of
data packets that are successfully received in a superframe.
For DAIL, the figure shows that MsPR significantly increases
when Ω ≤ 10 due to the lower number of collisions; as we
explained when discussing Figure 4. MsPR slightly increases
when Ω > 10 due to the large number of sensors competing
for the same channel in the same time-slots, which leads to a
larger number of medium access collisions. When Ω exceeds
25, MsPR stabilizes at 198 because of the medium contention
reaches its maximum level as shown in Figure 8. The through-
put for SMS is also consistent with the McP results in Figure
8. Basically, in SMS, MsPR significantly increases as Ω grows
for as long as Ω ≤ 15 due to the availability of a larger the
number of channels than the number of interfering sensors. For
15 < Ω ≤ 25, a low MsPR is observed since many sensors
compete for available 16 channels. When Ω exceeds 25, MsPR
increases very slightly and eventually stabilizes at 67, because
none of the channels is available to be assigned for an interfer-
ing sensor.
8.2. Simulation Results - CHIM
We have conducted multiple experimental simulations to
study the performance of CHIM using the same simulation en-
vironment. Unlike DAIL, the performance of CHIM is com-
pared with ZIGBEE standard [3] since it resembles CHIM in
terms of using one channel for intra-WBAN communication.
The ZIGBEE standard assigns GTSs in (CFP) to the sensors
experienced co-channel interference in the TDMA period. The
experimental parameters are provided in Table 3.
8.2.1. CHIM Collision Probability
The effect of the variable Ω on McP for CHIM and ZIG-
BEE is reported in Figure 12. It is clearly shown in the fig-
ure, CHIM provides a much lower McP is mainly because of
the channel hopping. As can be seen on this figure, McP for
CHIM is very low when Ω ≤ 15, because of the large number
of the channel hopping possibilities in the IMB frame. When
15 < Ω ≤ 25, McP significantly increases because of the larger
number of sensors which makes the possibility of more sensors
to be assigned simultaneously the same channel is highly prob-
able. When Ω exceeds 25, McP grows very slightly and even-
tually stabilizes at 135×10−3 because of the limited availability
of the Latin rectangles and hence, the limited availability of the
backup channels/time-slots. In other words, all the TDMA and
backup time-slots/channels are completely committed, and any
competing sensor that have data to transmit will face collision
and hence the medium capacity reaches its maximum level. In
ZIGBEE, McP slightly grows when 0 < Ω ≤ 10 because of the
number of available GTS time-slots is similar to the number of
interfering sensors. Then, when 10 < Ω ≤ 25, McP signifi-
cantly grows due to the increase in the number of interfering
sensors. McP stabilizes at 315 × 10−2 when Ω ≥ 25 because of
the large number of the interfering sensors than the number of
the available GTS time-slots.
8.2.2. CHIM Power Consumption
Figure 13 shows the mean power consumption (mPC) of a
WBAN versus Ω for CHIM and ZIGBEE. As can be observed
from Figure 13, CHIM always achieves a lower mPC than
that of ZIGBEE for all values of Ω. CHIM outperforms ZIG-
BEE because of the reduced number of medium access colli-
sions which results in a smaller number of packet retransmis-
sions and consequently lower mPC. For CHIM, the figure shows
a trend which is consistent with Figure 12. Basically, mPC
slightly grows when Ω ≤ 20 because there exists a large num-
ber of hopping choices exceeding the number of interfering sen-
sors which decreases the number of medium access collisions
amongst them and in consequence mPC. When Ω exceeds 40,
mPC grows slightly to stabilize at 22.5×10−3mW because of the
limited number of the available backup channels and time-slot
combinations. However, in ZIGBEE, mPC slightly increases
when 0 < Ω ≤ 10 because of the similar number of interfering
sensors and available GTSs, which makes it lowly probable for
more sensors to use the same GTS. When 10 < Ω ≤ 40, mPC
significantly grows because of the increase in the number of in-
terfering sensors. mPC stabilizes at 43×10−3mW when Ω ≥ 45
because of the lower number of available GTS time-slots than
the number of the interfering sensors.
8.2.3. CHIM Throughput
Figure 18 compares the mean number of deferred data pack-
ets (DPS) for CHIM and ZIGBEE based on 20 coexisting
WBANs and while varying the number of transmitted super-
frames. The figure shows the values of DPS for CHIM is al-
ways smaller than that of ZIGBEE which is mainly because of
the reduced number of sensors contending to the medium which
results in a lower of number of deferred data packets and con-
sequently lower transmission delay. Accordingly, the through-
put is increased. As ZIGBEE uses one channel rather than 16,
ZIGBEE provides higher DPS than that of CHIM and hence the
number of sensors which compete to the same GTS is large, that
results in a higher number of deferred packets and consequently
the throughput is degraded.
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Figure 11: Mean successful packets received
(MsPR) versus Ω
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Table 4: Simulation parameters - DAIL & CHIM
DAIL CHIM
Sensor TxPower(dBm) -10 -10
# Coordinators/WBAN 1 1
# Sensors/WBAN 20 20
# WBANs/Network Var Var
# Time-slots/Superframe 40 40
Latin Rectangle Size 16 × 20 16 × 20
8.3. Comparing DAIL and CHIM
We also conducted simulation experiments to compare the
performance of DAIL and CHIM. We have studied the effect of
the number of WBANs on collision and communication failure
probabilities of sensor transmission, WBAN power consump-
tion and throughput. The simulation parameters for both DAIL
and CHIM are provided in Table 4.
8.3.1. Collision Probability
The theoretical and simulated mean collision probability
(McP) versus Ω for DAIL and CHIM are compared in Figure
19. As seen in the figure, for both DAIL and CHIM, the sim-
ulated McP is always higher than the theoretical McP for all
values of Ω. This is due to the larger number of coexisting
WBANs (which is made dynamic) in the simulation setup than
in the theoretical study (which is made a constant). The mean
collision probability (McP) versus Ω for DAIL and CHIM are
compared in Figure 19. As can be seen on the figure, DAIL
always provides a lower McP than that of CHIM for all values
of Ω. It is observed from this figure that McP of DAIL signif-
icantly increases when Ω ≤ 25 because of the increase in the
number of sensors that makes the possibility of more sensors to
be assigned simultaneously the same channel is highly probable
and it slightly increases when Ω exceeds 25 until it eventually
stabilizes at 0.162 due to the limited availability of orthogonal
Latin rectangles. However, McP of CHIM is low when Ω ≤ 15
due to the availability of sufficient number of distinct channels.
McP significantly increases when Ω exceeds 15 until it even-
tually stabilizes at 0.228 due to the single channel used in the
TDMA frame and the limited availability of orthogonal Latin
rectangles and hence, the number of collisions is larger than
the number of available backup time-slots/channels. Therefore,
from a design point of view, DAIL is consistently better than
CHIM in terms of collision probability.
8.3.2. Power Consumption
The mean power consumption (mPC) versus Ω for DAIL and
CHIM are compared. Figure 20 shows that mPC for DAIL
is larger than for CHIM when Ω ≤ 20 because all sensors in
DAIL need to hop among the channels, each within its assigned
time-slot regardless of there is interference or not, while, in
CHIM, a sensor only switches the channel when it experiences
an interference. When Ω exceeds 20, mPC for CHIM is higher
than that of DAIL because of the increased number of collisions
(and consequently retransmissions) experienced due to the lim-
ited availability of the channels. In DAIL, the power consump-
tion is accumulated from the power consumed due to the high
frequency of channel switching that results from the frequent
channel hopping [4]. Therefore, from power consumption point
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Figure 14: Mean throughput (TP) versus # of
WBANs (Ω)
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Figure 15: Mean communication failure probabil-
ity (CFP) versus # of WBANs (Ω)
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Figure 16: Collision probability versus # of coex-
isting WBANs
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Figure 17: Mean power consumption versus # of coexisting WBANs
of view, CHIM suits relatively low density of WBANs, whilst,
DAIL suits crowded area of WBANs.
8.3.3. Throughput
The throughput (TP) for DAIL and CHIM is reported in Fig-
ure 14 as a function of the number of coexisting WBANs (Ω).
Figure 14 shows that CHIM always achieves higher TP than
DAIL for all values of Ω. Such high throughput in CHIM is
mainly because of the reduced collisions and availability of
backup time-slots, which boosts the number of data packets
that are successfully received in a superframe. When Ω ex-
ceeds 20, TP of CHIM eventually stabilizes at 298 due to the
high communication failure probability and the limited avail-
ability of orthogonal Latin rectangles, which degrade the ef-
fectiveness of the backup time-slots/channels. However, DAIL
always achieves lower TP than CHIM for all values of Ω due to
the absence of backup time-slots/channels and the limited avail-
ability of orthogonal Latin rectangles which make the probabil-
ity of multiple sensors pick the same channel in the same time
is low.
8.3.4. Communication Failure Probability
The mean communication failure probability CFP versus the
number of coexisting WBANs (Ω) for DAIL and CHIM are com-
pared in Figure 15. As can be seen on the figure, CHIM and
DAIL yield similar low CFP when Ω ≤ 15 due to the avail-
ability of channel choices and backup time-slots/channels more
than the number of interfering sensors. When Ω exceeds 15, the
CFP of DAIL grows significantly until it eventually stabilizes at
0.227 due to the limited availability of orthogonal Latin rectan-
gles which makes the probability of two or more sensor collide
in the same time-slot is high, i.e., when the number of inter-
fering sensors is significantly larger than the number of chan-
nel and time-slot combinations. However, when Ω exceeds 15,
CFP of CHIM significantly increases until it eventually stabi-
lizes at 0.17 due to the high communication failure probability
and the limited availability of orthogonal Latin rectangles.
8.4. Comparing DAIL, CHIM and SMS
8.4.1. Collision Probability
The mean collision probability (McP) versus Ω for DAIL,
CHIM and smart spectrum scheme (SMS) are compared in Fig-
ure 16. As seen in the figure, for both DAIL and CHIM, the
McP is always lower than SMS for all values of Ω because of
the large number of channel and time-slot combinations and the
backup time-slots that prevent distinct sensors to pick the same
channel at the same time-slot. This large number of combina-
tions reduces the chances of medium access collisions among
the coexisitng WBANs. However, SMS depends only on the 16
available channels to mitigate interference, and the channel as-
signed to a sensor stays the same at all time. Thus, a high McP
is expected due to the larger number of interfering sensors than
the number of available channels. Moreover, a sensor has 16
choices in SMS, while it has 16 × f ramesize different choices
in our approach to mitigate the interference, which explains the
large difference in McP between our approach and SMS.
8.4.2. Power Consumption
The mean power consumption denoted by mPC of each
WBAN versus the number of coexisting WBANs (Ω) for DAIL,
CHIM and SMS are compared in Figure 17. As seen in the fig-
ure, both DAIL and CHIM consistently have lower mPC than
SMS for all Ω values. Such performance advantage is attributed
to reduction in the number of medium access collisions which
lead to a fewer number of retransmissions and hence high en-
ergy savings. Meanwhile, in SMS, mPC is high due to the
medium access collisions resulting from the large number of
sensors that compete for the available channels (16 channels)
and hence the power consumption grows accordingly.
9. Conclusions
In this paper, we have presented a distributed approach
to minimize the impact of inter-WBAN interference through
dynamic channel hopping based on Latin rectangles. Fur-
thermore, the proposed approach opts to reduce the over-
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head resulting from channel hopping and lowers the transmis-
sion delay as well as saves the power resource at both sen-
sor- and WBAN-levels. Specifically, we propose two schemes
for channel allocation and medium access scheduling to di-
minish the probability of inter-WBAN interference. The first
scheme, namely, DAIL, suits high density of coexisting WBANs
and involves overhead due to frequent channel hopping at
the coordinator and the sensors. DAIL combines the chan-
nel and time-slot hopping to lower the probability of colli-
sions among transmission of sensors in the high density of
coexisting WBANs. Each distinct WBAN’s coordinator au-
tonomously picks an orthogonal Latin rectangle and assigns
its individual sensors unique transmission patterns. The sec-
ond scheme, namely, CHIM, takes advantage of the relatively
lower density of coexisting WBANs to save power by hopping
among channels only when interference is detected at the level
of the individual nodes. We have further presented an an-
alytical model that derives the collision probability, network
throughput, and transmission delay. Simulation results show
that DAIL and CHIM outperform other competing schemes.
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